Background: Opportunistic invasive fungal infections (OIFIs) occur in dogs administered immunosuppressive medications. However, the epidemiology of OIFIs among dogs undergoing immunosuppressive treatment is poorly understood. The aims of this study were to (1) estimate the incidence of OIFIs among dogs diagnosed with certain immune-mediated diseases and treated with immunosuppressive drugs, and (2) determine if administration of particular drug(s) was a risk factor for OIFIs.
I mmune-mediated diseases in dogs, including immunemediated thrombocytopenia (ITP), immune-mediated hemolytic anemia (IMHA), and immune-mediated polyarthritis (IMPA), are commonly treated with glucocorticoids and adjunctive immunosuppressive medications including cyclosporine, leflunomide, and mycophenolate. Adverse effects of these drugs can include opportunistic infections, including opportunistic invasive fungal infections (OIFIs). 1 A human international consensus defining OIFIs in human patients with cancer and stem cell transplants stated a general agreement among committee members that the highest level of certainty in diagnosing an invasive fungal infection is defined by the presence of fungi in tissue documented by biopsy or needle aspirate. 2 Invasive infections, defined as fungal elements penetrating tissues, should be differentiated from noninvasive infections, such as sinonasal aspergillosis. The majority of OIFIs in people receiving immunosuppressive treatment after organ transplantation are caused by infection with Candida spp. or Aspergillus spp. with other opportunistic fungi accounting for 1-2% of fungal infections. 3 The overall incidence of phaeohyphomycosis in 1 study of human solid organ transplant recipients between 1988 and 2009 is 0.7%. 4 Factors predisposing people to OIFIs include immunosuppressive drug treatment, infection with human immunodeficiency virus (HIV), diabetes mellitus, neutropenia secondary to chemotherapy, autoimmune diseases, and critical illness with ventilator support. 5, 6 Most cases of OIFIs reported in the veterinary literature involve immunocompromised and immunosuppressed animals. Disseminated OIFIs occur in dogs without evidence of immunosuppression, such as a Labrador retriever with systemic Bipolaris spp. infection 7 ; however, this appears to be uncommon. Infections with nonpigmented filamentous ascomycetes (aspergillosis and hyalohyphomycoses) and pigmented fungi (phaeohyphomycosis) are typical OIFIs in dogs. 1, These organisms are ubiquitous soil saprophytes. The primary mode of infection for invasive aspergillosis and hyalohyphomycosis is thought to be via inhalation; however, cutaneous contamination or inhalation can be the mode of infection for phaeohyphomycoses. 37 There have been individual case reports 36 and 1 case series of 8 dogs 1 describing OIFIs in immunosuppressed dogs. The case series of 8 dogs with OIFIs that had received cyclosporine and prednisone treatment emphasized the severe and occasionally fatal consequences of these infections. 1 The goal of our study was to estimate the incidence of OIFIs among dogs at the Texas A&M University, Veterinary Medical Teaching Hospital that were diagnosed with select immunemediated diseases and subsequently treated with immunosuppressive drugs. A secondary goal was to determine if particular drug(s) were associated with a greater risk for development of an OIFI. Our hypothesis was that dogs receiving cyclosporine treatment, either alone or as part of a multidrug protocol, were at higher risk of developing OIFIs compared to dogs given other immunosuppressive agents.
Materials and Methods
The electronic medical records database at Texas A&M University, Veterinary Medical Teaching Hospital between January 2008 and December 2015, was searched for dogs diagnosed with selected immune-mediated conditions: IMHA, ITP, Evans syndrome, and IMPA. Inclusion criteria were as follows: (1) diagnosis of immune-mediated hemolytic anemia (IMHA), immune-mediated thrombocytopenia (ITP), immune-mediated polyarthritis (IMPA), or Evans syndrome; (2) immunosuppressive treatment with 1 or more of cyclosporine, azathioprine, chlorambucil, mycophenolate, or leflunomide with or without glucocorticoids; and (3) a minimum 120-day follow-up period after initiation of immunosuppressive treatment except for dogs that developed an OIFI before 120 days. Dogs were excluded if they died, were euthanized, or were lost to follow-up within 120 days of initiation of immunosuppressive treatment, with the exception noted above. This was done to ensure that the dogs were followed up for a sufficient duration of time to allow development of an OIFI.
Data Collection
Data collected from medical records of dogs meeting inclusion criteria were: sex, age, breed, body weight, type of immunemediated disease, the presence/absence of diabetes mellitus, type and dose of immunosuppressive drug(s) administered, the presence of an OIFI and etiologic agent (if identified), time to development of an OIFI, diagnostic method for the OIFI, and results of fungal culture, fungal identification, cytology, or histopathology (biopsy or necropsy). Protocols for treating the OIFIs and outcomes were recorded, if available.
Statistical Analysis
Data were imported into a commercial statistical software program (SAS, version 9.4 a ) for variable coding and analysis. Age in years was used to create a dichotomous variable for age group (<3 years of age versus ≥3 years). After descriptive analysis of all variables, chi-squared testing was used to determine whether each variable (including signalment, disease, and the immunosuppressive drugs administered) was independently associated with OIFI status. A multivariable logistic regression model was used to identify risk factors for OIFIs. Initial variable selection was based on the bivariable analysis (Table 1) screening (P < 0.25), and a backward elimination approach was used to establish a final multivariable model (Table 2) . For all analyses, P-values <0.05 were considered significant.
Results
Four hundred and fifty-five dogs were identified in the initial electronic record search. Of these, 342 were excluded because of loss to follow-up or death/euthanasia within 120 days. One hundred and thirteen dogs met our inclusion criteria: 42 with IMHA, 29 with ITP, 34 with IMPA, and 8 with Evans syndrome.
Dogs with the specified immune-mediated diseases ranged from 1 to 12 years of age at the time of diagnosis (median of 6.0 years). Forty-one breeds were recorded, including 13 mixed breed dogs, 12 Labrador retrievers, 7 dachshunds, 6 Chihuahuas, 5 beagles, and 5 shih-tzus. All other breeds had fewer than 5 dogs in each group. There were 51 males (45%; 12 sexually intact and 39 neutered) and 62 females (55%; 4 sexually intact and 58 spayed). The median body weight was 12.3 kg (range 1.8-56 kg).
Three dogs had diabetes mellitus, which was diagnosed after starting immunosuppressive medications. One of the 3 dogs was diagnosed with an OIFI 36 days after diagnosis of diabetes mellitus. An association between diabetes mellitus and the development of an OIFI was not detected.
An OIFI was diagnosed in 15 of 113 (13%) dogs based on 1 or more of cytology of skin lesions, histopathology of skin lesions or disseminated lesions, or fungal cultures of skin lesions. Skin lesions were cultured in 9 of 15 (60%) dogs, skin cytology was performed in 9 of 15 (60%) dogs, skin biopsy was Of the OIFI dogs, 10 of 15 (67%) were diagnosed with phaeohyphomycosis with infection by Paraconiothyrium spp., Bipolaris spp., Cladosporium spp., Alternaria spp., or Curvularia spp., 3 of 15 (20%) were diagnosed with unclassified mold infections, 1 of 15 (7%) was diagnosed with hyalohyphomycosis (Chrysosporum spp.), and 1 of 15 (7%) had both phaeohyphomycosis (Curvularia spp.) and hyalohyphomycosis (Scedosporium spp.).
A total of 66 of 113 (58%) dogs received cyclosporine as part of their immunosuppressive regimen. Upon bivariable analysis (Table 1) , OIFIs were significantly (P = 0.017; 95% CI, 1.5-34.4) more common among dogs that were treated with cyclosporine (13/66, 20%) than among dogs that were not (2/47, 4%). No other drugs were significantly associated with development of OIFI. Average dosages of immunosuppressive medications at the time OIFI was diagnosed are as follows: cyclosporine 11.5 mg/kg/day (range 8.8-17.9); prednisone 2.1 mg/kg/day (range 0.77-3.5); mycophenolate 19 mg/kg/day (range 12.5-30); and azathioprine 2 mg/kg/every other day (range 2-3.2). OIFIs were significantly (P = 0.018; 95% CI, 1.4-17.9) more common among male dogs (11/51, 22%) than females (4/62, 6%). Occurrence of OIFIs did not vary significantly by age group, and there was no significant association between any of the specific immune-mediated diseases and development of an OIFI. As estimated by multivariable logistic regression model (Table 2 ), the odds of developing an OIFI were 7.1 times greater among dogs that received cyclosporine compared to dogs that did not (P = 0.017; 95% CI, 1.5-34.4). The odds of developing an OIFI were 5.1 times greater among male dogs compared to female dogs (P = 0.018; 95% CI, 1.4-17.9). There was not a significant interaction between cyclosporine administration and sex, age group, or any of the other drug treatment variables.
Treatment of the OIFIs was attempted in 13 (87%) of the 15 affected dogs, while 1 of 15 (7%) of dogs was euthanized and 1 of 15 (7%) of dogs died without treatment. None of the dogs were treated with surgical excision; however, 3 of the 13 received wound care with prolonged bandaging until the lesions resolved. Medical treatment protocols varied and were decided by the attending clinician. Antifungal therapies included 1 or more of fluconazole, itraconazole, voriconazole, or terbinafine. Resolution of dermal lesions occurred in 12 of 13 (92%) of the treated OIFI dogs after a median of 4.9 months (range 2-9 months); the remaining dog was lost to follow-up. Resolution was defined by the absence of visible skin lesions.
Discussion
An OIFI was diagnosed in 15 of 113 (13%) of dogs with selected immune-mediated diseases treated with immunosuppressive drugs and represents an important complication in this population of dogs. This retrospective analysis included dogs with selected immunemediated diseases (e.g., IMHA, ITP, Evans syndrome, and IMPA) because these diseases are routinely treated with immunosuppressive drugs and glucocorticoids. Dogs with other immune-mediated conditions were not included to lessen the confounding effects of many different disease processes, and dogs with cutaneous diseases commonly treated with cyclosporine (in particular atopy) were excluded because of the confusion that would arise when trying to decide if cutaneous fungal infections were due to the drug treatment or the underlying cutaneous disease or both. Dogs were significantly more likely to develop an OIFI if they had been treated with cyclosporine.
Cyclosporine is a T-lymphocyte inhibitor approved by the United States Food and Drug Administration for the treatment of canine atopy. However, it is routinely used extralabel for anal furunculosis, inflammatory bowel disease, meningoencephalitis of unknown etiology (MUE), mitigation of rejection after organ transplantation, and immune-mediated anemia, thrombocytopenia, and polyarthritis. 38 OIFIs associated with cyclosporine administration occur with 8 dogs treated with cyclosporine and prednisone developing OIFIs, 1 and 4 of the 8 develop severe systemic OIFIs, which lead to euthanasia in 2 of 8 dogs and death in 2 of 8 dogs. Fifteen dogs in our study (13%) developed an OIFI, and all except 1 had cutaneous lesions without obvious evidence of systemic involvement. One dog in our study had disseminated phaeohyphomycosis diagnosed incidentally on renal biopsy of a capsular granuloma during an exploratory laparotomy and splenectomy. This dog died 6 days after diagnosis of the mycotic infection. The difference in case fatality between the current and prior series might be due to the number of dogs with systemic involvement, the fungal species involved, time to recognition of the fungal infection, or concurrent disease. The majority of dogs in this study were diagnosed with phaeohyphomycosis, hyalohyphomycosis, or both. Inhalation is thought to be the most common mode of infection for aspergillosis and hyalohyphomycosis, while cutaneous penetration or inhalation is common for phaeohyphomycosis. 37 In distinction to previous reports, 1, [7] [8] [9] 11, [13] [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [29] [30] [31] [32] [33] [34] 36 our study had only 1 case of disseminated fungal infection with a renal capsular granuloma, and the remaining 14 of 15 dogs had cutaneous lesions as the sole manifestation of OIFI, which is unique. There are relatively few case reports of OIFIs in immunosuppressed dogs and many of these reports are of disseminated systemic OIFIs. One case series reports 5 cases with skin/subcutaneous OIFIs and 3 cases with confirmed disseminated systemic OIFIs. 1 The reason for this difference is unknown; however, it might be related to the different species of fungal organisms, as some species might be more likely to disseminate beyond cutaneous lesions. However, this hypothesis was not critically evaluated because we did not have definitive identification of fungi to species level. Phaeohyphomycoses are found worldwide in a variety of climates and environments, 37 and a relationship of geographic location and climate and an increased risk development of OIFIs seems unlikely; however, this also has not been specifically evaluated.
Innate immunity including physical barriers, such as intact skin and mucous membranes, is a first line of defense against OIFIs. 39 In immunocompetent animals, additional innate immunity initiates the immune response against fungal organisms 5 ; however, T helper 1-type cell-mediated immunity is required for resolution of fungal infections. 39 Suppression of T-cell function and immunity, as with decreased interleukin-2 and interferon gamma expression with cyclosporine, is also associated with a blunting of the immune response, 38, 40 which is especially detrimental to dogs that develop OIFIs while on immunosuppressive treatment.
A secondary goal was to investigate if diabetes mellitus increased the risk of OIFIs in our study population, as concurrent systemic illnesses can predispose people to OIFIs. There are reports of fungal urinary tract infections in dogs and cats with diabetes 41 and descriptions of human diabetic patients with OIFIs. 42 We found no association between diabetes mellitus and development of an OIFI, but only 3 of 113 (2.7%) of dogs were diabetic and only 1 of 3 (33%) of these dogs developed an OIFI.
The reason for the increased incidence in males is unknown and has not been described in previous studies. Possibilities include increased roaming behavior or increased time spent outside. This information could not be gathered in all dogs due to the retrospective nature of the study. Furthermore, this could be a spurious finding.
The majority of treated dogs in this study that developed an OIFI (12 of 13; 92%) were treated successfully, while the remaining 1 of 13 dogs; 8% was lost to follow-up.
Antifungal treatment recommendations could not be meaningfully evaluated in this study due to its retrospective nature and the relatively small number of dogs with OIFIs. However, some assumptions seem reasonable. Early diagnosis of OIFIs likely allows for timely treatment and a more favorable outcome. Stopping or reducing dosages of immunosuppressive drugs is probably desirable to improve cell-mediated defenses. Stopping cyclosporine and reducing prednisolone dosage did result in spontaneous resolution of a cutaneous Alternaria spp. infection in 1 dog. 17 However, the severity of some immune-mediated diseases precludes immediate cessation of immunosuppressive treatment, and these cases might have a more guarded prognosis. Surgical excision could be considered if lesions are solitary or on a distal extremity, although most dogs in our study (11 of 15) had multifocal cutaneous lesions not amenable to surgical excision.
Opportunistic fungal infections can be treated with fungicidal drugs, fungistatic medications, or newer classes of antifungal medications including echinocandins and terbinafine. 43, 44 Long-term treatment (often 6-12 months) is typically recommended due to risk of recurrence. 45 Response to treatment varies depending on the infecting fungus, the extent of disease, and the ability to wean dogs off immunosuppressive drugs. 46 Fortunately, the majority of dogs in this study had resolution of their lesions although most required prolonged antifungal treatment and a few required wound care. Death related to cutaneous infections in humans is also extremely rare. 4 In the previous report of 8 dogs with OIFIs, 1 the median interval from initiating immunosuppressive treatment to diagnosis of OIFI was 31 days (range 13 to 201). In our study, the median time to diagnosis of OIFI was 43 days (range 21 to 390 days). However, the range in both studies was wide, with 1 dog developing an OIFI 390 days after initiation of immunosuppressive treatment. The average duration of time between organ transplantation and onset of OIFIs in 27 human patients is about 20 months (range: 2-128 months). 4, 47 Continued monitoring for OIFIs throughout immunosuppressive treatment seems warranted. Recommendations in human medicine are to biopsy new or unresponsive skin lesions for histopathology and culture. 4 Limitations of this study stem from its retrospective nature. In particular, there was a lack of definitive identification of fungi to species level and only 5/15 (33%) of our dogs with OIFIs had biopsies of the skin lesions. Molecular identification techniques are becoming more widely available for identification of veterinary isolates 48 ; however, these techniques were not as widely available at the time of diagnosis in this retrospective report. Also, while broad range PCR can detect rare and unreported pathogens, PCR tests are susceptible to contamination during sampling, handling or storage of specimens, making this a potential drawback as this would increase false positives. 49 Therefore, results of fungal culture and PCR should be interpreted in conjunction with clinical findings and cytologic or histopathologic findings. 50 Given the combination of fungal culture results, clinical lesions, and corresponding positive cytology results in this study, false-positive results of the fungal culture seem unlikely. Lack of standardization of treatment of immune-mediated diseases or OIFIs (i.e., drugs, dosages, monitoring frequency) made it impossible to meaningfully compare different protocols. Many dogs were lost to follow-up and it is possible that more of the dogs in our study could have developed an OIFI if followed for a longer period of time. Also, OIFIs were not very common overall and the power of the study to detect weaker associations might have been low.
This report underscores the importance of informing clients of OIFIs as potential complications of immunosuppressive treatment, especially if cyclosporine is administered. In addition, veterinarians should realize that small, subtle, nonulcerated/ulcerated cutaneous lesions might represent an OIFI in dogs receiving immunosuppressive treatment. Although most of the dogs in our study survived their OIFI, additional medications were needed and immunosuppressive regimens were adjusted. Frequent monitoring for cutaneous lesions is recommended to allow early diagnosis, and any new skin lesions should be evaluated by cytology or histopathology.
While multi-agent protocols are often necessary when treating severe immune-mediated diseases, dogs receiving cyclosporine were 7.1 times more likely to develop an OIFI compared to dogs receiving other immunosuppressive medications in this study. Future multicenter prospective cohort studies are necessary to determine best treatment protocols for immune-mediated diseases, treatment options for OIFIs, as well as effective prevention strategies for OIFIs for dogs on immunosuppressive treatment. 
